Historical biogeography is dominated by vicariance methods that search for a congruent pattern of fragmentation of ancestral distributions produced by shared Earth history 1±3 . A focus of vicariant studies has been austral area relationships and the break-up of the supercontinent Gondwana 3±5 . Chameleons are one of the few extant terrestrial vertebrates thought to have biogeographic patterns that are congruent with the Gondwanan break-up of Madagascar and Africa 6, 7 . Here we show, using molecular and morphological evidence for 52 chameleon taxa, support for a phylogeny and area cladogram that does not ®t a simple vicariant history. Oceanic dispersalÐnot Gondwanan breakupÐfacilitated species radiation, and the most parsimonious biogeographic hypothesis supports a Madagascan origin for chameleons, with multiple`out-of-Madagascar' dispersal events to Africa, the Seychelles, the Comoros archipelago, and possibly Reunion Island. Although dispersal is evident in other Indian Ocean terrestrial animal groups 8±16 , our study ®nds substantial out-of-Madagascar species radiation, and further highlights the importance of oceanic dispersal as a potential precursor for speciation.
The break-up of Gondwana provides one of the most obvious test cases for vicariance biogeography, with the separation of Africa, Madagascar, the Seychelles and India providing a well documented geologic history 4 . Magnetic anomaly data and Mesozoic timescales reveal that Madagascar and Greater India ®rst broke away from Africa 165 Myr ago, with movement ending by 121 Myr ago 17 ; Greater India and Madagascar separated approximately 88 Myr ago based on dating of Marion hot-spot-related volcanism 18 ; and the Seychelles granitic archipelago split from India during formation of the Deccan basalt province between 69 and 65 Myr ago 19 . The main source of current controversy concerns the sequence and timing of separation of Antarctica with India, South America and Australia between 80±100 Myr ago 18, 20 . Gondwanan origins have been proposed for extant terrestrial vertebrates in Madagascar 8 ; however, no modern systematic evidence congruent with a Gondwanan break-up vicariant pattern has been reported to date. Chameleons (family Chamaeleonidae: subfamily Chamaeleoninae 21 ) are claimed to be an ancient Gondwanan group, on the basis of limited immunological distances and a calibrated albumin molecular clock 7 . Previous cladistic studies, using 11±24 morphological characters, supported con¯icting biogeographic hypotheses that are partly congruent with Gondwanan break-up 6, 22 , or that suggest a post-Gondwanan, Madagascan origin for chameleons 23 . To test the Gondwanan vicariance hypothesis, we conducted a phylogenetic analysis that included 52 chameleon taxa (approximately 40% of all chameleon species). These taxa represent all Chamaeleoninae genera and subgenera, and include species found in each continental region (including the granitic Seychelles), and the Comoros archipelago and Reunion Island (both of volcanic origin). To test the monophyly of chameleons, the two other Chamaeleonidae subfamilies (Leiolepidinae and Agaminae) were also included. Molecular characters (mitochondrial DNA (mtDNA), NADH subunit 4 and adjacent transfer RNA sequences), morphological characters, and behavioural/life-history characters were used to produce a combined data set of 644 potentially parsimony-informative characters.
Three equally parsimonious trees were found for the combined equally weighted data set. These results (Fig. 1 ) support the monophyly of chameleons, with the two most basal clades representing dwarf chameleons (Brookesia), which are endemic to Madagascar. Basal to the crown clade of`typical' chameleons (Furcifer, Calumma and Chamaeleo) are the endemic African genera, Rhampholeon and Bradypodion. The resulting area cladogram ( Fig. 1 ) has the following features: (1) The two most basal lineages are distributed in Madagascar; (2) The more derived lineages occur in Madagascar, Africa, the Seychelles and India, with the two most basal lineages of this clade occurring in Africa; (3) the India lineage is sister to an African clade; (4) the Seychelles lineage is sister to a Madagascan clade; and (5) the Comoros lineage is sister to a Madagascan clade.
The corresponding chameleon continental area cladogram (Fig.  2a ) cannot be reconciled 24 with proposed Gondwanan break-up vicariance models (Fig. 2b, c) or models of post-Gondwanan origin, without invoking assumptions of dispersal or extinction. The most parsimonious biogeographic hypothesis that minimizes dispersal or extinction events supports a post-Gondwanan origin in Madagascar, with subsequent oceanic dispersal from Madagascar. These continental dispersal events include three dispersals to Africa, and a single dispersal to both India and the Seychelles (Table 1) . Other less parsimonious biogeographic hypotheses place chameleon origins in Madagascar, Africa or Gondwana, and also include a minimum of ®ve dispersal events (Table 1 ). An utter rejection of oceanic dispersal requires a minimum of 25 or 38 independent extinction events, depending on the choice of Gondwanan break-up model ( Table 1) . Both of these`no-dispersal' hypotheses reject a role for tectonic vicariance facilitating the origin of the major species radiations, because all generic lineages would have to predate Gondwanan break-up.
Previously proposed alternative phylogenies (and their associated biogeographic patterns) are substantially less parsimonious compared with our hypothesis, requiring greater numbers of character state changes. Forcing a strict Gondwanan break-up topology (Fig. 2b, c) Evidence corroborating oceanic dispersal for chameleons is provided by the sister species Furcifer cephalolepis and F. polleni, which are endemic to the volcanic Comoros islands, Moheli and M(R) Figure 1 Inter-relationships of chameleons and corresponding area distributions based on equal-weighted molecular and morphological data and maximum parsimony. B., Brookesia; R., Rhampholeon; Brady., Bradypodion; Ca., Calumma; Ch:, Chamaeleo; F., Furcifer. Grand 25 , and never had contact with other landmasses. The direct ancestor of these endemic chameleons could only have reached the archipelago by means of oceanic dispersal. Our results ®nd these sister species most closely related to the F. oustaleti and F. lateralis groups in Madagascar, which are separated by 300 km of ocean from the Comoros archipelago. The distribution of the chameleon, Furcifer pardalis, in both Madagascar and Reunion Island, may represent another natural oceanic dispersal, as differences in dorsal crest and hemipene morphology found between these island populations do not suggest a modern human introduction, subsequent to human occupation of Reunion Island, in the seventeenth century.
Other 21 is also younger than the Africa±Madagascar separation (extant acrodonts are con®ned to the Agaminae, Leiolepidinae and Chamaeleoninae). However, all extant lizard groups are poorly represented in the fossil record. Molecular clock mtDNA divergences (assuming a vertebrate ectotherm mtDNA divergence rate of 0.4±0.6% per Myr ago 11, 29 ) are also consistent with a postGondwanan origin for chameleons. Sequence divergence between chameleons and their sister group (Agama, Draco) is 28±36%, giving an estimated divergence time of 47±90 Myr, contemporary or younger than the separation of Madagascar and India. Sequence divergence between the basal Brookesia clade and all other chameleons is 21±27% (35±68 Myr), Rhampholeon and all typical chameleons 20±26% (33±65 Myr), and Chamaeleo and Furcifer 17±23% (28±58 Myr).
Despite the Gondwanan vicariant history of Madagascar and the Indian Ocean, many regional species radiations (ants, spiders, tortoises, geckos, skinks, rodents, primates) are reported to show transmarine migrations, and have post-Gondwanan origins in Africa or Asia 8±16 . Our results provide the strongest support for a post-Gondwanan species radiation originating in Madagascar, with subsequent out-of-Madagascar dispersal to Africa, the Seychelles, the Comoros, and possibly Reunion Island. Invasions into Africa from Madagascar are currently not well documented, although dispersal through Madagascar, from Asia to Africa, has been concluded recently for rodents 15 . Surprisingly, the absence of biogeographic patterns congruent, or largely congruent with Gondwanan break-up in the Indian Ocean (and other austral regions), has thus far received little attention, although two poorly supported geological hypotheses (Paci®ca supercontinent and expanding earth) have been proposed to maintain the plausibility of alternative vicariant patterns 3, 5 . Our analyses provide evidence for considerable oceanic dispersal by chameleons, and support the hypothesis that dispersal, rather than continental break-up, was the precursor for species radiation.
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Methods
For phylogenetic analysis, a total of 85 morphological and behavioural characters, and 972 bases of mtDNA (236 39 terminal codons of ND4, tRNA Ser , tRNA
His and tRNA Leu ) were used. Sequence alignment was made using CLUSTAL W (see http://www.mbio.ncsu.edu/ BioEdit/bioedit.html) under a wide variety of gap penalty assignments, and re®ned by eye. For the list of morphological and behavioural characters see Supplementary Information. The non-Chamaeleonidae speci®ed outgroup taxa was Cyclura (Iguanidae). The 55 ingroup Chamaeleonidae (from ref. 21 ) taxa include Leiolepidinae (Uromastyx), Agaminae (Agama and Draco) and Chamaeleoninae (14 Brookesia, 2 Rhampholeon, 1 Bradypodion, 16 Calumma, 7 Chamaeleo and 12 Furcifer). Chameleon taxa are shown in Fig. 1 . We collected all species from Madagascar and the Seychelles; we obtained other species from tissue and museum collections or commercial sources. Phylogenetic analysis was performed using parsimony with PAUP version 4.0b2. All characters were initially given equal weight and all characters were unordered except eight morphological characters, which were ordered based on intermediacy. Gaps were treated as a ®fth base. Searches were heuristic with 10 replicate searches with random stepwise addition of taxa. No upper limit was imposed on the maximum number of trees saved. Successive weighting was based on maximum rescaled consistency index (RC). Bootstrap branch support was based on 100 bootstrap replicates (each replicate with 10 replicate heuristic searches with random stepwise addition of taxa). MacClade 4.0 was used to determine step costs for alternative phylogenetic hypotheses.
Equal weighting of the combined molecular and morphological characters (644 parsimony informative) recovered three maximum parsimony trees (5,096 steps, consistency index, CI 0:281, RC 0:143, strict consensus; Fig. 1 ). Relaxing parsimony by one step increased the total tree number to 35, with the 50% majority rule consensus congruent with the most parsimonious strict consensus cladogram, but the strict consensus showing basal polytomies. Successive weighting recovered the same strict consensus and area cladogram found with equal weighting (3 trees, 7,016 steps, CI 0:529, RC 0:374). Reverse successive weighting, used to explore potential secondary phylogenetic signal 30 , recovered 262 trees and a strict consensus tree showing: (1) almost no resolution (except within Brookesia and Calumma); (2) chameleons paraphyletic (with respect to Draco); and (3) third position molecular characters representing most of the high reverse-weighted characters. Deletion of third positions, and otherwise using equal weighting, resulted in a strict consensus tree almost identical to the entire data set (incongruence con®ned to minor polytomies within Furcifer) and an area cladogram completely congruent with Fig. 2a. (84 trees, 2,670 In coevolutionary`arms races' between the sexes, the outcome of antagonistic interactions may remain at an evolutionary standstill. The advantage gained by one sex, with any evolutionary exaggeration of arms, is expected to be matched by analogous counteradaptations in the other sex 1, 2 . This fundamental coevolutionary process may thus be hidden from the evolutionist's eye 3, 4 , and no natural examples are known. We have studied the effects of male and female armament (clasping and anti-clasping morphologies) on the outcome of antagonistic mating interactions in 15 species of water strider, using a combination of experimental and phylogenetic comparative methods. Here we present, by assessing the independent effects of both species-speci®c level of arms escalation and small imbalances in the amounts of arms between the sexes within species, the consequences of a sexual arms race. Evolutionary change in the balance of armament between males and females, but not in the species-speci®c level of escalation, has resulted in evolutionary change in the outcome of sexually antagonistic interactions such as mating rate.
Evolutionary con¯icts of interests between the sexes are ubiquitous 1±4 . Such con¯ict is predicted to fuel sexually antagonistic coevolution 1, 2 , during which adaptations in one sex, which are harmful for individuals of the other sex, select for counteradaptations in the other sex to mitigate costs imposed by such adaptations. The resulting coevolution between the sexes is now recognized to be a central process of evolution, with the potential to shape various interactions between the sexes 2, 5, 6 and their gametes 7±8 , as well as diversi®cation 9 , speciation and extinction rates 10±12 . At the core of this coevolutionary interaction is an arms race between the sexes that can include periods of both escalation and de-escalation of arms 13±15 . Theory suggests, however, that the outcome of antagonistic male±female interactions should remain relatively unchanged during an arms race because the build-up of arms in one sex may be balanced by a build-up in the other (Fig. 1a, 1±2 ). The consequences of such arms races on sexual interactions may thus be undetectable, which makes sexually antagonistic coevolution inherently dif®cult to show 1±4 . Perhaps for this reason, we have no direct empirical evidence for a primary role of arms races in the evolution of sexual interactions in natural systems.
Despite an expectation of some evolutionary balance in the level of arms between the sexes, one sex may at least temporarily evolve a greater quantity of arms relative to the other (refs 13±15; and Fig. 1a,  3±4 ). In such cases, the evolutionary consequences of the arms race for interactions between the sexes may be exposed. For example, in an arms race in which it bene®ts males but not females to mate several times 13 , one may expect relatively high rates of mating in species where the advantage has shifted toward males (Fig. 1a, 4) . The converse would be expected for species in which the advantage has shifted toward females (Fig 1a, 3) . Thus, by using tests that are based on phylogeny 16, 17 , one might uncover sexually antagonistic adaptations by analysing the effects on the change in sexual interactions caused by evolutionary change in the relative levels of arms between the sexes.
We have studied the coevolution of relative armament of the sexes and the outcome of sexually antagonistic interactions in 15 congeneric water strider species. Water striders (Heteroptera; Gerridae) are a group of semi-aquatic insects, which have become a model system in which to study sexually antagonistic coevolution. Several experimental in-depth studies, carried out on several different species and using different approaches (reviewed in refs 18, 19) , have shown that there is intense and overt sexual con¯ict over mating rate that results from a strong asymmetry between the sexes in the relative costs and bene®ts of mating. Matings are preceded typically by a violent pre-mating struggle, in which females try to dislodge harassing males to avoid super¯uous and costly mating 18, 19 . The ability of males to withstand these struggles is related to various morphological grasping adaptations, such as exaggeration of prolonged clasping genitalia and a more¯attened abdomen 20, 21 , which allow males to grasp females more ®rmly. Females' ability to resist males is related to distinct morphological counteradaptations, such as prolongation of the female abdominal spines and the degree of downward tilting of the abdominal tip 20, 22 , which makes it more dif®cult for males to grasp females. We have shown elsewhere that the level of these arms in females coevolves closely with those in males within water striders 20 . Thus, species can be ordinated along a The effects of absolute and relative morphological armament on the outcome of sexually antagonistic interactions are shown. Multiple regression analyses, using behaviour as the dependent variable and either male persistence and female resistance, or PC1 and PC2, as independent variables. Regression models were based on phylogenetically independent contrasts (n = 14) and thus were forced through the origin 17 . Residuals did not differ signi®cantly from normality (Kolmogorov±Smirnov tests, P $ 0.107 for the ®rst and P $ 0.101 for the second group of models). Statistical power analyses of these models showed that our inability to detect any effects of absolute level of arms is not likely to be due to a lack of power. The combined probability of committing four type II errors was b = 0.129, assuming that absolute level of arms accounts for 10% of the variance in the dependent variable. * P values reported test partial regression coef®cients under directional null hypotheses (see Methods) and thus are one-tailed.
